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NaClRecently, measurements of a considerable portion of the phase diagram for the quaternary system water–
ethylene glycol–sucrose–NaCl were published (Han et al., 2010). In that article, the data were used to
evaluate the accuracy of two non-ideal multi-solute solution theories: the Elliott et al. form of the
multi-solute osmotic virial equation and the Kleinhans and Mazur freezing point summation model.
Based on this evaluation, it was concluded that the freezing point summation model provides more accu-
rate predictions for the water–ethylene glycol–sucrose–NaCl system than the multi-solute osmotic virial
equation. However, this analysis suffered from a number of issues, notably including the use of inconsis-
tent solute-speciﬁc coefﬁcients for the multi-solute osmotic virial equation. Herein, we reanalyse the data
using a recently-updated and consistent set of solute-speciﬁc coefﬁcients (Zielinski et al., 2014). Our
results indicate that the two models have very similar performance, and, in fact, the multi-solute osmotic
virial equation can provide more accurate predictions than the freezing point summation model depend-
ing on the concentration units used.
 2015 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Theoretical thermodynamic solution theories are a central com-
ponent of many predictive models of cell and tissue behaviour
during cryopreservation. A primary application of these thermody-
namic models is the calculation of water chemical potential in a
solution of interest, often in terms of the directly-related solution
properties of osmolality and/or freezing point depression. The sim-
plest solution theory is the ideal dilute model, where, for example,
the osmolality is given as the sum of the solute concentrations.
Notably, this model assumes that there are no interactions
between solute molecules in solution. However, most solutions
in cryobiology tend to be highly concentrated and thus thermody-
namically non-ideal. As such, use of the ideal model can negatively
impact prediction accuracy [4,14,18]. Alternatively, non-idealsolution theories can be used, although these models introduce
additional complexity as they rely on solute-speciﬁc thermody-
namic coefﬁcients to account for solute–solute interactions. Such
coefﬁcients are typically obtained empirically, i.e. by curve-ﬁtting
to experimental solution data [3,4,9,14,18]. Cryobiological solu-
tions are predominantly multi-solute in nature. In order to model
a solution containing multiple solutes, non-ideal solution theories
can often require curve-ﬁtting to solution data measured in the
presence of all the solutes of interest, effectively rendering the
obtained coefﬁcients solution-speciﬁc instead of solute-speciﬁc.
Indeed, many of the non-ideal multi-solute solution theories that
have been proposed for use with cryobiological solutions require
ﬁtting to multi-solute solution data in this way, limiting their
applicability to the speciﬁc solutions to which they have been ﬁt
[1,5,11–13,17]. Given the wide variety of combinations of many
different types of solutes that cryobiological solutions can contain,
and the difﬁculties of measuring multi-solute solution data [9],
these types of non-ideal models do not represent an approach that
can be applied to cryobiological solutions in general. In contrast to
these solution-speciﬁc models, at least two solution theories have
been proposed that rely only on single-solute solution data to
288 M.W. Zielinski et al. / Cryobiology 70 (2015) 287–292make predictions in multi-solute solutions—namely, the Elliott
et al. form of the multi-solute osmotic virial equation [4] and the
Kleinhans and Mazur freezing point summation model [9].
Experimental multi-solute phase diagrams provide a means of
evaluating the accuracy of theoretical multi-solute solution theo-
ries, as the model predictions can be compared to the experimental
data [1,4,7,14,18]. Recently, Han et al. [7] published an extensive
set of freezing point depression data for the quaternary system
water–ethylene glycol–sucrose–NaCl. In that work, the experimen-
tal data were also used to evaluate the prediction accuracy of the
Elliott et al. and the Kleinhans and Mazur models. Based on their
analysis, Han et al. asserted that, for the water–ethylene glycol–
sucrose–NaCl system, the Kleinhans and Mazur freezing point
summation model provides more accurate predictions of freezing
point depression than does the Elliott et al. multi-solute osmotic
virial equation. However, in their analysis, although Han et al.
implemented the freezing point summation model exactly as
described by Kleinhans and Mazur [9], the multi-solute osmotic
virial equation was not used in a way consistent with the descrip-
tion provided by Elliott et al. [4]. Speciﬁcally, the osmotic virial
coefﬁcients used by Han et al., although cited as being obtained
from Elliott et al.’s original presentation [4] of their model, could
not have come from that work, as Elliott et al. did not provide
osmotic virial coefﬁcients for ethylene glycol, sucrose, or NaCl. It
is possible that the coefﬁcients used came from a later work by
the same group [14], but the dissociation constant for NaCl used
by Han et al. is not consistent with that work, and appears to come
from a different source altogether [8]. In addition, although the
Elliott et al. multi-solute osmotic virial equation was proposed in
two forms expressed in terms of either molality or mole fraction,
only the molality-based form was considered in Han et al.’s analy-
sis. We have recently shown [18] that although these two forms of
the multi-solute osmotic virial equation appear very similar, their
performance can vary considerably for a given solution system.
Finally, it should be noted that while Han et al. compared the
predictions of the two non-ideal models to their experimental
measurements, no comparison was made to predictions made
using an ideal dilute model. Ideal model predictions provide a
baseline reference which can be used to help judge the relative
improvement in prediction accuracy provided by a given non-ideal
model, as compared to alternative non-ideal models.
In this work, we revisit the analysis of Han et al., while address-
ing the points made above. Speciﬁcally, we make predictions of
freezing point depression in the water–ethylene glycol–sucrose–
NaCl system using the Kleinhans and Mazur freezing point summa-
tion model, the molality- and mole fraction-based forms of the
Elliott et al. multi-solute osmotic virial equation, and an ideal
dilute model, and then compare these predictions to Han et al.’s
experimental measurements to analyze each model’s accuracy.
Both non-ideal solution theories express water chemical poten-
tial (i.e. osmolality or freezing point depression) as a polynomial in
terms of solute concentration. Brieﬂy, for a solution containing
(r  1) solutes, the Kleinhans and Mazur freezing point summation
model is deﬁned as [9]DTm ¼ Tom  Tm ¼ 
Xr
i¼2
C1imi þ C2im2i þ C3im3i
 
; ð1ÞTable 1
Values and units of constants used in Eqs. (4) and (5) [2].
Constant Value
R 8.314 J/(mol K) = 8.314 Pa m3/(mol K)
M1 1.802  102 kg/mol
Tom 273.15 K
Dsof1 22.00 J/(mol K)where DTm is the freezing point depression of the solution (K), Tmo is
the solution’s absolute freezing point (K), Tm is the absolute freezing
point of pure water (K), mi is the molality of solute i (moles solute/
kg water), and C1i, C2i, and C3i are empirical solute-speciﬁc coefﬁ-
cients for solute i (C [moles solute/kg water]1, C [moles solute/
kg water]2, and C [moles solute/kg water]3, respectively). For
that same solution, the molality- and mole fraction-based formsof the Elliott et al. multi-solute osmotic virial equation are, respec-
tively, deﬁned as [4,14]
p ¼
Xr
i¼2
kimi þ
Xr
i¼2
Xr
j¼2
ðBii þ BjjÞ
2
kimikjmj
 
þ
Xr
i¼2
Xr
j¼2
Xr
k¼2
ðCiiiCjjjCkkkÞ1=3kimikjmjkkmk
h i
þ . . . ; ð2Þ
~p ¼
Xr
i¼2
ki xi þ
Xr
i¼2
Xr
j¼2
ðBii þ BjjÞ
2
ki xik

j xj
 
þ
Xr
i¼2
Xr
j¼2
Xr
k¼2
ðCiiiCjjjCkkkÞ1=3ki xikj xjkkxk
h i
þ . . . ; ð3Þ
where p is the osmolality of the solution (osmoles/kg), ~p is the
related but less-commonly used osmole fraction of the solution
(dimensionless), xi is the mole fraction of solute i (dimensionless),
Bii and Ciii are the molality-based second and third osmotic virial
coefﬁcients of solute i ([moles solute/kg water]1 and [moles
solute/kg water]2, respectively), Bii and C

iii are the mole fraction-
based second and third osmotic virial coefﬁcients of solute i
(dimensionless), and ki and k

i are, respectively, the molality- and
mole fraction-based dissociation constants of solute i (dimension-
less). The dissociation constant ki (or k

i ) is required for electrolyte
solutes, where it accounts for complexities such as ionic dissocia-
tion and charge screening [15]; for any non-electrolyte solute its
value is 1. Osmolality and osmole fraction are related by [4].
~p ¼ M1p; ð4Þ
where M1 is the molar mass of water (kg/mol). Osmolality can be
converted to freezing point depression using [14]
DTm ¼
RTomp½M1=Dsof1
1þ Rp½M1=Dsof1
; ð5Þ
where R is the universal gas constant and Dsof1 is the standard molar
entropy change of fusion of water. The values and units ofM1, R, T
o
m,
and Dsof1 can be found in Table 1.
A consistent set of solute-speciﬁc coefﬁcients for the freezing
point summation model and for both forms of the multi-solute
osmotic virial equation has recently been obtained for a number
of solutes of cryobiological interest [18]. The coefﬁcients for ethy-
lene glycol, sucrose, and NaCl from that work were used in all
calculations herein. Note that these coefﬁcients were obtained
using single-solute data available in the literature for ethylene gly-
col [10,16], for sucrose [6,16], and for NaCl [16]. Table 2 contains a
summary of these coefﬁcients.
In addition to the above non-ideal models, a molality-based
ideal dilute model was considered in this work, speciﬁcally,
p ¼
Xr
i¼2
kimi: ð6Þ
The raw experimental data provided by Han et al. [7] (as online
supplementary data) is in the form of concentration in mass frac-
tion, and, more speciﬁcally, is organized into isopleths in terms
of the following solute mass ratios
Table 2
Elliott et al. molality- and mole fraction-based osmotic virial coefﬁcients, Kleinhans and Mazur freezing point summation model coefﬁcients, and molar masses of NaCl, sucrose,
and ethylene glycol (EG).a
NaCl Sucrose EG
Kleinhans and Mazur freezing point summation model coefﬁcients [18] C1i (C/molal) 3.357 1.824 1.814
C2i (C/molal2) 0.0043 0.2825 0.0548
C3i (C/molal3) 2.56  102 1.84  102 1.76  103
Elliott et al. molality-based osmotic virial coefﬁcients [18] ki 1.678 1 1
Bii (molal1) 0.044 0.116 0.020
Ciii (molal2) 0 0 0
Elliott et al. mole fraction-based osmotic virial coefﬁcients [18] ki⁄ 1.644 1 1
Bii
⁄ 3.80 8.68 3.41
Ciii
⁄ 0 0 0
Molar mass (kg/mol) [16] 5.844  102 3.423  101 6.207  102
a In the course of preparing this manuscript, we uncovered a minor transcription error in our previous article [18] which had no impact on the analysis in that work.
Speciﬁcally, the maximum considered solute concentration listed for ethylene glycol (EG) in Table 5 of [18] for the Kleinhans and Mazur freezing point summation model,
9.062 mol/kg, is incorrect. The correct value—and the one that reﬂects the data that was used in all calculations—is 24.166 mol/kg, as listed in Table 4 of [18] for the Elliott
et al. molality-based multi-solute osmotic virial equation.
1 It should be noted that when we used the original solute-speciﬁc coefﬁcients
provided by Kleinhans and Mazur [9] (as Han et al. had done in their work [7]) instead
of the updated values in Table 2, we obtained the same value of the overall mean
standard deviation for the freezing point summation model as Han et al. had (i.e.
0.96 K). In fact, with three exceptions, including the two points discussed above
([Rs ¼ 4, Re ¼ 2] and [Rs ¼ 9, Re ¼ 2]), we obtained identical values of standard
deviation for every isopleth in the data set. The third exception is (Rs ¼ 4, Re ¼ 4); we
cannot explain why our result for this isopleth differs from that of Han et al.
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Rs ¼ WSucWNaCl ; ð8Þ
and the total solute mass fraction Wt ¼ WNaCl þWSuc þWEG, where
WNaCl is the mass fraction of NaCl, WSuc is the mass fraction of
sucrose, and WEG is the mass fraction of ethylene glycol. Each iso-
pleth consists of 10 to 12 data points of increasing Wt at constant
Re and Rs. As the solution models being considered here (i.e. Eqs.
(1)–(3) and (6)) express concentration in terms of either molality
or mole fraction, the following conversion equations were required
to make model predictions of Han et al.’s measurements
WNaCl ¼ WtðRe þ 1ÞðRs þ 1Þ ; ð9Þ
WSuc ¼ RsWtðRe þ 1ÞðRs þ 1Þ ; ð10Þ
WEG ¼ ReWtðRe þ 1Þ ; ð11Þ
mi ¼ WiMiW1 ; ð12Þ
xi ¼
Wi
MiP
i
Wi
Mi
¼
Wi
Mi
WNaCl
MNaCl
þ WSucMSuc þ
WEG
MEG
þ W1M1
; ð13Þ
where W1 ¼ 1Wt is the mass fraction of water and Mi is the
molar mass of species i. The molar masses of NaCl, sucrose, and
ethylene glycol are given in Table 2.
The accuracy of model predictions was evaluated using the
same measure employed by Han et al. [7]—the standard deviation
of the model predictions from the experimental measurements (r),
calculated on a per-isopleth basis, i.e.
r ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPN
a¼1ðDTexm;a  DTprm;aÞ2
N  1
s
; ð14Þ
where DTexm;a is the experimentally-measured freezing point depres-
sion for data point a, DTprm;a is the model-predicted freezing point
depression for data point a, and N is the total number of data points
in the isopleth being considered. The mean of the standard devia-
tions over all the experimental isopleths was also calculated for
each model.
The results of the analysis for all four models are contained in
Fig. 1. The isopleth-speciﬁc data in Fig. 1 is graded by colouraccording to the magnitude of the corresponding model’s standard
deviation for that isopleth (see scale at right), with the intent of
helping to reveal trends in the accuracy of each model’s predictions
as a function of the relative amounts of sucrose (Rs) and ethylene
glycol (Re). Although there do not appear to be any such trends
in the prediction accuracy of any of the models, a few points do
stand out from those around them in all three of the non-ideal
models, including (Rs ¼ 4, Re ¼ 2) and (Rs ¼ 9, Re ¼ 2). These points
are of note because in the raw data provided by Han et al. [7], the
freezing point values for these two points are identical to those of
two other points: (Rs ¼ 4, Re ¼ 1) and (Rs ¼ 9, Re ¼ 3), respectively.
These repeats may be the result of an error, which could help
explain the discrepancies between (Rs ¼ 4, Re ¼ 2) and (Rs ¼ 9,
Re ¼ 2) and the points around them. The overall mean standard
deviations for all four models were recalculated while excluding
all four potentially duplicated isopleths, but these exclusions
appeared to have minimal effect on the results (see Fig. 1).
When Han et al. originally analyzed this data and found that the
Kleinhans and Mazur freezing point summation model provided
more accurate predictions than the Elliott et al. molality-based
multi-solute osmotic virial equation, the overall mean standard
deviations that they calculated were 0.96 K for the freezing point
summation model and 1.46 K for the multi-solute osmotic virial
equation [7]. Here, the results are much closer: 1.02 K and 1.09 K,
respectively (1.00 K and 1.08 K with potential duplicates
excluded), indicating that these two models in fact have very simi-
lar performance for this solution system.1 Moreover, the mole frac-
tion-based form of the multi-solute osmotic virial equation provides
the most accurate predictions with the lowest overall mean standard
deviation of 0.57 K (0.55 K with potential duplicates excluded). It is,
however, important to put these results into context: the ideal
model considered here has an overall mean standard deviation
(5.36 K, or 5.39 K with potential duplicates excluded) that is nearly
ﬁve times that of the worst-performing of the non-ideal models. In
light of this result, the relative differences between the three non-
ideal models are comparatively minor. Nonetheless, if the most
accurate possible predictions in the water–ethylene glycol–
sucrose–NaCl solution system are desired, the mole fraction-based
multi-solute osmotic virial equation should be used. These results
are consistent with those from our earlier work [18], where a similar
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Colour
Scale
6.0+
5.8
5.6
5.4
5.2
5.0
4.8
4.6
4.4
4.2
4.0
3.8
3.6
3.4
3.2
3.0
2.8
2.6
2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
Rs
1 2 3 4 5 6 7 8 9 10
Re
1 6.05 4.56 4.87 4.37 4.33 4.89 4.76 5.05 4.70 5.21
2 5.68 5.57 5.17 3.01 5.34 4.47 4.54 4.41 5.82 5.33
3 5.62 5.20 5.48 5.65 5.13 4.84 4.86 4.66 4.91 5.21
4 6.02 5.58 5.06 5.51 5.12 5.35 5.21 5.17 4.95 5.11
5 5.59 5.64 5.34 5.21 5.59 5.57 4.61 5.73 5.58 5.70
6 5.91 5.49 5.09 5.63 6.25 5.46 5.27 5.45 5.43 5.58
7 5.56 5.51 5.24 5.58 5.40 5.04 5.60 5.08 5.61 5.64
8 5.79 5.48 5.59 6.08 6.10 5.67 5.08 5.19 5.68 5.75
9 6.16 5.73 5.16 5.92 6.12 5.26 5.18 5.31 5.48 5.94
10 6.03 5.57 5.45 5.33 6.14 5.92 5.13 5.11 5.22 5.84
Overall Mean: 5.36 (5.39)
Rs
1 2 3 4 5 6 7 8 9 10
Re
1 2.44 1.02 1.75 1.45 1.57 1.27 1.17 1.48 1.22 1.68
2 2.13 1.56 1.34 0.90 1.67 0.96 1.21 0.90 2.34 1.22
3 1.01 0.90 1.34 1.46 1.11 0.80 0.97 0.74 0.97 1.26
4 1.35 1.12 0.71 1.15 0.93 1.07 0.96 0.99 0.75 1.03
5 0.78 1.09 0.78 0.62 1.32 1.15 0.32 1.35 1.21 1.21
6 1.07 0.71 0.63 1.01 1.54 1.00 0.64 0.93 0.88 1.08
7 0.60 0.78 0.62 0.87 0.82 0.35 0.91 0.55 0.99 1.21
8 0.69 0.64 0.88 1.25 1.48 0.92 0.51 0.56 1.02 0.93
9 1.11 0.82 0.51 1.08 1.51 0.73 0.46 0.49 0.75 1.10
10 1.00 0.64 0.71 0.54 1.41 0.99 0.41 0.49 0.46 1.04
Overall Mean: 1.02 (1.00)
Rs
1 2 3 4 5 6 7 8 9 10
Re
1 0.87 1.79 0.99 0.84 0.82 1.37 1.21 0.84 1.03 0.52
2 0.93 1.02 0.76 1.94 0.88 0.70 0.96 0.51 1.75 1.41
3 1.25 0.87 1.02 0.99 0.88 0.63 0.84 0.68 0.83 1.09
4 1.25 1.00 0.76 1.05 0.97 1.03 0.98 1.04 0.83 1.14
5 0.92 1.10 0.88 0.72 1.48 1.27 0.55 1.50 1.38 1.34
6 1.11 0.84 0.70 1.16 1.69 1.23 0.92 1.20 1.16 1.29
7 0.79 1.01 0.73 1.01 1.13 0.67 1.24 0.90 1.36 1.57
8 0.83 0.90 1.16 1.53 1.85 1.30 0.90 0.93 1.43 1.32
9 1.30 1.12 0.83 1.46 1.94 1.08 0.86 0.93 1.18 1.51
10 1.23 1.00 1.09 0.84 1.84 1.47 0.80 0.81 0.86 1.53
Overall Mean: 1.09 (1.08)
Rs
1 2 3 4 5 6 7 8 9 10
Re
1 0.63 1.48 0.67 0.76 0.65 0.99 0.94 0.54 0.89 0.37
2 0.56 0.57 0.36 2.23 0.52 0.53 0.66 0.50 1.17 0.87
3 0.82 0.58 0.43 0.60 0.38 0.30 0.39 0.47 0.29 0.40
4 0.58 0.44 0.47 0.41 0.44 0.45 0.29 0.38 0.24 0.45
5 0.52 0.47 0.35 0.23 0.80 0.55 0.54 0.75 0.63 0.69
6 0.46 0.19 0.75 0.50 1.05 0.53 0.24 0.45 0.39 0.72
7 0.35 0.37 0.60 0.72 0.37 0.31 0.47 0.32 0.55 0.78
8 0.46 0.27 0.48 0.85 1.04 0.52 0.26 0.35 0.62 0.63
9 0.57 0.40 0.39 0.69 1.12 0.46 0.27 0.31 0.54 0.83
10 0.54 0.30 0.39 0.48 1.04 0.69 0.37 0.48 0.33 0.76
Overall Mean: 0.57 (0.55)
Fig. 1. Standard deviations of each model’s predictions from Han et al.’s experimental data. Each colour-graded numerical entry represents the standard deviation of the
corresponding model’s predictions for a given isopleth (i.e. unique combination of Re and Rs). For each model, the mean standard deviation over all the isopleths is located
immediately below the isopleth-speciﬁc values. The value outside of the brackets represents the overall mean calculated using the data from all of the isopleths. The value in
brackets represents the overall mean calculated without the data points suspected of being duplicates, i.e. (Rs ¼ 4, Re ¼ 2) and (Rs ¼ 4, Re ¼ 1), and (Rs ¼ 9, Re ¼ 3), and
(Rs ¼ 9, Re ¼ 2).
290 M.W. Zielinski et al. / Cryobiology 70 (2015) 287–292analysis was conducted using the same data and solute-speciﬁc
coefﬁcients, but different measures of model accuracy.
Although most aqueous solutions are highly concentrated and
thus non-ideal at the low temperatures characteristic of cry-
obiology, there are some situations relevant to cryobiology where
the solutions are dilute or near-dilute (e.g. addition/removal of
low concentrations of cryoprotectant at temperatures above freez-
ing). To examine the effect of model choice under more thermody-
namically ideal conditions, the above analysis was repeated while
considering only experimental data points for whichWt 6 0:2 (the
original data of Han et al. goes up to Wt ¼ 0:6 in some cases). Theresults of this second analysis are contained in Fig. 2. Overall, these
results largely mirror those obtained using all of the available data,
although, as one might expect, the differences in the performance
of the four models are not as pronounced.
The extensive data set measured by Han et al. for freezing point
depression in the quaternary system water–ethylene glycol–
sucrose–NaCl provides a valuable resource for measuring the accu-
racy of non-ideal solution models to be used in cryobiology.
However, in contrast to the analysis of Han et al., our investigation
shows minimal difference between the prediction accuracy of the
molality-based multi-solute osmotic virial equation and the
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Scale
3.0+
2.8
2.6
2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
Rs
1 2 3 4 5 6 7 8 9 10
Re
1 1.49 0.38 0.64 0.66 0.81 0.53 0.43 0.35 0.56 0.52
2 0.61 1.09 0.66 0.23 0.80 0.69 0.96 0.51 1.11 0.83
3 0.69 0.79 0.86 0.86 0.84 0.49 0.73 0.53 0.86 0.67
4 1.09 1.08 0.61 0.80 0.75 0.71 0.79 0.92 0.64 0.75
5 0.75 1.02 0.67 0.57 0.48 1.05 0.52 1.10 1.05 0.81
6 0.94 0.88 0.42 0.98 0.84 0.80 0.73 0.62 0.80 0.74
7 0.71 0.63 0.67 0.77 0.84 0.60 0.80 0.79 1.03 0.84
8 0.62 0.93 0.74 1.00 1.61 0.56 0.65 0.72 1.02 0.77
9 0.87 0.81 0.74 1.08 0.74 0.64 0.59 0.63 0.71 1.03
10 0.84 0.72 0.78 0.43 1.36 0.78 0.68 0.58 0.82 1.24
Overall Mean: 0.77 (0.78)
Rs
1 2 3 4 5 6 7 8 9 10
Re
1 1.09 0.26 0.40 0.47 0.61 0.41 0.27 0.17 0.40 0.35
2 0.44 0.78 0.36 0.22 0.55 0.43 0.74 0.29 0.86 0.60
3 0.49 0.42 0.55 0.69 0.56 0.27 0.43 0.49 0.59 0.37
4 0.67 0.72 0.32 0.47 0.46 0.42 0.46 0.64 0.33 0.43
5 0.49 0.62 0.39 0.29 0.46 0.74 0.17 0.74 0.72 0.45
6 0.54 0.46 0.47 0.60 0.55 0.44 0.37 0.26 0.44 0.40
7 0.33 0.36 0.34 0.39 0.46 0.33 0.41 0.48 0.66 0.51
8 0.51 0.52 0.33 0.58 1.20 0.20 0.26 0.50 0.64 0.38
9 0.47 0.43 0.39 0.69 0.35 0.25 0.27 0.39 0.36 0.63
10 0.40 0.41 0.35 0.38 0.94 0.42 0.39 0.41 0.40 0.84
Overall Mean: 0.48 (0.47)
Rs
1 2 3 4 5 6 7 8 9 10
Re
1 0.88 0.34 0.27 0.36 0.48 0.38 0.20 0.07 0.29 0.23
2 0.45 0.69 0.27 0.28 0.48 0.36 0.67 0.24 0.80 0.53
3 0.48 0.36 0.50 0.69 0.53 0.27 0.40 0.52 0.58 0.35
4 0.63 0.69 0.32 0.45 0.47 0.42 0.46 0.63 0.34 0.43
5 0.49 0.61 0.40 0.30 0.48 0.74 0.20 0.75 0.72 0.47
6 0.53 0.47 0.47 0.62 0.57 0.47 0.39 0.30 0.46 0.41
7 0.33 0.36 0.37 0.42 0.49 0.37 0.45 0.53 0.69 0.53
8 0.52 0.55 0.38 0.63 1.25 0.23 0.31 0.53 0.68 0.43
9 0.50 0.47 0.44 0.73 0.39 0.29 0.31 0.43 0.40 0.68
10 0.44 0.44 0.41 0.37 1.00 0.47 0.41 0.43 0.47 0.90
Overall Mean: 0.48 (0.48)
Rs
1 2 3 4 5 6 7 8 9 10
Re
1 0.73 0.45 0.18 0.29 0.36 0.38 0.20 0.12 0.20 0.11
2 0.56 0.52 0.13 0.45 0.34 0.19 0.53 0.20 0.64 0.37
3 0.56 0.13 0.33 0.68 0.40 0.32 0.20 0.63 0.45 0.20
4 0.39 0.48 0.31 0.27 0.37 0.34 0.29 0.49 0.25 0.25
5 0.51 0.37 0.37 0.32 0.63 0.56 0.17 0.49 0.50 0.25
6 0.33 0.22 0.66 0.39 0.48 0.29 0.18 0.19 0.23 0.22
7 0.24 0.35 0.31 0.20 0.26 0.38 0.24 0.44 0.45 0.34
8 0.65 0.31 0.20 0.36 0.98 0.18 0.12 0.53 0.43 0.20
9 0.34 0.34 0.35 0.48 0.17 0.11 0.30 0.46 0.23 0.41
10 0.20 0.40 0.19 0.55 0.72 0.33 0.35 0.50 0.20 0.63
Overall Mean: 0.36 (0.36)
Fig. 2. Standard deviations of each model’s predictions from Han et al.’s experimental data, restricted to lower concentrations. Speciﬁcally, only data points with Wt 6 0:2
were considered. As for Fig. 1, each colour-graded entry corresponds to a single isopleth, overall mean standard deviations are located below the isopleth-speciﬁc values for
each model, and the overall mean values in brackets are recalculated without suspected duplicates.
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exists is further marginalized when taking into consideration the
far less accurate predictions provided by an ideal solution model.
Finally, we show that the most accurate predictions can be
achieved using the mole fraction-based form of the multi-solute
osmotic virial equation.Acknowledgments
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